If the enzymes responsible for biosynthesis of a given amino acid are repressed and the cognate amino acid pool suddenly depleted, then derepression of these enzymes and replenishment of the pool would be problematic, if the enzymes were largely composed of the cognate amino acid. In the proverbial 'Catch 22', cells would lack the necessary enzymes to make the amino acid, and they would lack the necessary amino acid to make the needed enzymes. Based on this scenario, we hypothesize that evolution would lead to the selection of amino acid biosynthetic enzymes that have a relatively low content of their cognate amino acid. We call this the 'cognate bias hypothesis'. Here we test several implications of this hypothesis directly using data from the proteome of Escherichia coli . Several lines of evidence show that low cognate bias is evident in 15 of the 20 amino acid biosynthetic pathways. Comparison with closely related Salmonella typhimurium shows similar results. Comparison with more distantly related Bacillus subtilis shows general similarities as well as significant differences in the detailed profiles of cognate bias. Thus, selection for low cognate bias plays a significant role in shaping the amino acid composition for a large class of cellular proteins.
Introduction
Proteins are versatile effectors and mediators of cellular response. They catalyse reactions, serve as structural components of the cell and mediate cellular adaptation through sensing and signal transduction. Structure and function of proteins are subject to natural selection (King and Jukes, 1969; Richmond, 1970; Li, 1997) and, because structure and function are ultimately determined by the sequence of amino acids in proteins, it stands to reason that the amino acid composition of proteins is also subject to selection.
Previous studies have identified different types of selective pressure that are important in determining the relative amino acid composition for the proteins of an organism. Differences in the mutational bias of the different codons for each amino acid can partly account for the differences in relative amino acid composition (see Lobry, 1997; Singer and Hickey, 2000; Akashi and Gojobori, 2002; Seligmman, 2003 and references therein) . The metabolic cost of synthesizing an amino acid, in terms of ATP and reducing equivalents, is also important in determining which amino acids are more prevalent in a proteome. The cheaper an amino acid is to synthesize, the more it is used (see Karlin and Bucher, 1992; Lobry and Gautier, 1994; Dufton, 1997; Jansen and Gerstein, 2000; Akashi and Gojobori, 2002; Seligmman, 2003 and references therein) . Functional reasons that justify differential usage of amino acids in a given group of proteins have also been identified (Trifonov, 1987; Mazel and Marliere, 1989; Karlin and Bucher, 1992) . For example, membrane proteins are biased towards high relative composition of hydrophobic amino acids (Karlin and Bucher, 1992) .
Genes coding for amino acid biosynthetic enzymes are repressed in a medium where the cognate amino acid is present. Escherichia coli and many other bacteria typically derepress the expression of a small set of enzymes whenever there is a need to synthesize any given amino acid or set of amino acids. These are usually encoded in an operon or regulon, and their expression tends to be co-ordinated (see Herrmann and Somerville, 1983; Neidhardt, 1999 for reviews) . When growing in a medium with low amino acid content, a significant fraction of cellular protein consists of enzymes involved in amino acid biosynthesis (Maaløe and Kjeldgaard, 1966; Neidhardt et al ., 1990) .
Although cells have general mechanisms such as induction of proteolyses and activation of the stringent response for remodelling the amino acid content of proteins when the organisms is stressed (Reeve et al ., 1984; Matin, 1991; Foster and Spector, 1995; Magnusson et al ., 2003; Weichart et al ., 2003; Nystrom, 2004) by amino acid limitation, they also are likely to have more specific mech-anisms. For example, if cells were growing in a rich medium and suddenly one of the exogenously supplied amino acids became depleted, then derepression of the corresponding biosynthetic enzymes and replenishment of the intracellular pool of that amino acid would be delayed and limited if the enzymes were largely composed of the cognate amino acid. Based on such a scenario, we hypothesize that evolution would lead to the selection of amino acid biosynthetic enzymes that have a relatively low content of their cognate amino acid, thus avoiding the 'Catch 22' situation in which the biosynthetic enzymes cannot be synthesized for lack of the amino acid and the amino acid cannot be synthesized for lack of the biosynthetic enzymes.
To explore the dynamics of this situation, we first adapt an existing computer model for an amino acid biosynthetic pathway (Xiu et al ., 2002) and show that low cognate bias correlates with a greater extent of derepression of the pathway and with faster response times for this derepression. This suggests that our cognate-bias hypothesis is reasonable and that response time may well be the selective pressure for the low bias. We test several implications of this hypothesis directly using data from the well-characterized organism Escherichia coli , and we compare these results with the results from similar tests for a closely related Gram-negative organism Salmonella typhimurium and for a more distantly related Gram-positive organism Bacillus subtilis.
For each organism, we calculate the amino acid composition of proteins that are involved in the amino acid biosynthetic pathways and compare their composition with that of larger groups of proteins from the same organism, including the entire proteome. We find that most amino acid biosynthetic pathways in each of the organisms do have a low cognate bias. There are a few exceptions and in some cases there are functional reasons that can account for this. The closely related organisms have very similar profiles of cognate bias, whereas the more distantly related organisms have profiles with significant differences that may reflect their different evolutionary history and ecological niche.
Results

Amino acid composition
To determine whether a protein or a group of proteins has a relative amino acid composition that is significantly different from that of a larger group to which it belongs, one must first determine the composition of the larger group. Choosing an appropriate group of proteins to serve as a control for the calculation of average amino acid composition requires careful consideration. The relative composition of the control group, which is then used to estimate the probability of amino acid occurrence in a protein, should be a weighted average of the proteins being synthesized by the cell. This is so because the synthesis of an amino acid biosynthetic enzyme during derepression and the synthesis of all other proteins being expressed at the same time compete for the limiting amino acid. The relative amino acid composition of the protein complement in growing cells provides an estimate of the average composition of these proteins. Proteins expressed at low levels have a small contribution to the overall amino acid composition of cellular protein, whereas proteins with a high level of expression have a large contribution.
Thus, we have searched the literature for experimental determinations of the amino acid composition in the protein complement of the bacteria studied in this work. Having found such studies we then compared the experimentally determined composition with the composition of other groups of cellular proteins. We found that the relative amino acid composition of the protein complement in growing cells is almost identical to that of the cellular proteome determined from the DNA sequence (Table 1) . For each genome, we also have calculated the relative composition for the entire group of non-enzymatic proteins, for the entire group of enzymatic proteins, and for each more specialized group of enzymes within an EC classification (i.e. classes 1 through 6). Class 1 includes all oxyreductase enzymes, class 2 all transferases, class 3 all hydrolases, class 4 all lyases, class 5 all isomerases and class 6 all ligases.
The results of the analysis presented in this article do not differ significantly when the different groups of proteins are used to calculate the probability of amino acid occurrence. Therefore, we present only the results based on the relative amino acid composition of the proteome to calculate the probability of amino acid occurrence.
Verifying two basic assumptions
There are basic assumptions involving each of the two types of Monte Carlo (MC) simulations that we have used to determine the statistical significance of our comparisons. The first MC approach assumes that, with respect to the relative amino acid composition, there is no strong correlation between any two different types of amino acids. To test the validity of this assumption for the E. coli proteome, we have calculated the Spearman correlation coefficient between the relative amounts of any two amino acids in the proteins. These correlation coefficients are small, which supports, to a first approximation, our first assumption (Table S1) . (This has no implications regarding finer detail correlations between neighbouring amino acids or other factors that have been shown to influence the selection of amino acids at any given location in a protein; Cootes et al ., 1998 .) The second MC approach assumes that the relative composition of a protein is inde-pendent of the protein length. To test the validity of this assumption, we have calculated the Spearman correlation coefficient between the relative amounts of each amino acid and the length of the E. coli proteins. These correlations are also small, which supports the second assumption (Table S1) .
Having verified that the two assumptions above are, to a first approximation, correct allows us to calculate, in closed form, the significance of the amino acid bias for any given protein (see Experimental procedures ). Although we have used these three different approaches to calculate how significantly biased our proteins are and have used 10 different control groups, for each protein of interest and for each method of calculation and control group, the differences are at most a few per cent (data not shown). Therefore, we shall only present and discuss the data for the analytical approach using the entire proteome as the control group.
By using the analytical approach, we estimate the cognate amino acid bias of a protein by the probability ( Pvalue) that the relative cognate amino acid composition of a protein is below (low bias) or above (high bias) that of the control group (see Experimental procedures for details).
Effect of cognate bias on time for amino acid recovery
Amino acid biosynthetic pathways in bacteria are repressible (Herrmann and Somerville, 1983; Neidhardt, 1999) . For example, when growing in a medium in which an amino acid is available, E. coli cells typically repress expression of the genes that code for enzymes of the cognate pathway. This situation is represented in Fig. 1 . When the proteins of a pathway that synthesize a given amino acid have a composition that is enriched for that amino acid (high cognate bias), it is likely that this high cognate bias will tend to prevent or delay the recovery of amino acid levels when cells are shifted from a medium that is rich in the amino acid to one that is poor.
To analyse this hypothesis in a specific case we use a previously developed model (Xiu et al ., 2002) of Trp biosynthesis in E. coli . The original normalized equations are the following Sauer et al . (1996) . The values for E. coli have been calculated from Pramanik and Keasling (1998) . c. Qualitative amino acid make-up of two different environments (Savageau, 1983) that are relevant for these organisms. Fig. 1 . Schematic model of a specific amino acid biosynthetic pathway in its cellular context. X 1 -mRNA coding for the enzymes of the pathway that synthesizes the k th amino acid; X 2 -enzymes of the pathway that synthesizes the k th amino acid; X 3 -cognate amino acid ( k th) of the biosynthetic pathway. See text for further discussion.
(1)
X 1 represents the concentration of the mRNA that codes for the enzymes of the biosynthetic pathway. The synthesis of mRNA is repressed by an increase in the concentration of the amino acid ( X 3 ) that is synthesized by the pathway. The term k 3 /( k 3 + X 3 ) in Eq. 1 represents the attenuation by the leader peptide of the operon in the presence of Trp. The term (1
} is a normalized function of the effect that Trp has on the repressor protein and on the repressor binding to the operator, assuming rapid equilibrium of both reactions. The decay of the mRNA molecules is a first-order process. The mRNA molecules are templates for the synthesis of the enzymes ( X 2 ) in the biosynthetic pathway. Trp ( X 3 ) synthesis is an enzymatic process whose rate is described by k 5 X 2 /( k 5 + X 3 2 ). The free Trp pool can be depleted by dilution ( k 6 X 3 ), binding to the repressor {[
(for further details on the form of Eqs 1 to 3, see Xiu et al ., 2002) .
We have modified this model to include the possibility of an exogenous supply for Trp ( k 11 ). The equation that accounts for the time-dependent behaviour of the enzyme concentration ( X 2 ) is not explicitly dependent on the Trp concentration ( X 3 ) in the original model. This is a justified approximation because the number of Trp residues is very low in the enzymes that catalyse Trp biosynthesis. Now imagine an organism that is identical to the first, except that the number of Trp residues in the Trp-biosynthetic enzymes is large. In this situation, the influence of Trp concentration on the rate of synthesis of the Trp-biosynthetic enzymes needs to be made explicit. To do this, we modify the rate of enzyme production in Eq. 2 to include a Henri-Michaelis-Menten dependence on the concentration of the cognate amino acid. The new equation that describes the time-dependent behaviour of the enzyme level ( X 2 ) is now (4) When K M = 0, Eq. 4 is the same as Eq. 2. The larger the K M , the larger the relative amount of cognate amino acid in the biosynthetic enzymes. 
We use Eqs 1, 3 and 4 and parameter values from Xiu et al. (2002) to simulate the following experiment involving biosynthetic enzymes with increasing levels of cognate amino acid in their composition. Let bacteria grow exponentially in a Trp-rich medium until a steady state has been achieved and then, at time zero, switch them to various media, with different lower amounts of Trp. This will lead to the derepression of the Trp-biosynthetic enzymes. The results of such an experiment are shown for three different shifts (Fig. 2) . The lower the Trp levels in the poor medium, the higher the derepressed enzyme levels. For increasing relative composition of Trp in the biosynthetic enzymes, the organism will take longer to produce a similar amount of enzyme and thus to set up an appropriate response to the challenge of amino acid depletion. Furthermore, as the relative amount of amino acid in the biosynthetic enzymes increases, the amino acid levels in the new steady state decrease. For a large depletion of amino acid in the medium, biosynthetic enzymes with high relative amino acid composition exhibit an initial bout of synthesis, but then fail to be synthesized at a steady state rate (compare among panels A, C and E of Fig. 2 ) sufficient to produce acceptable amino acid levels (compare among panels B, D and F of Fig. 2) .
Thus, in nature, with highly variable environmentally supplied Trp levels, the cells with a higher Trp content in their Trp-biosynthetic enzymes would be out-competed by those with a lower Trp content. The regulatory loops in the biosynthesis of other amino acids are similar to the one we have analysed, which suggests that composition effects on temporal responses are common phenomena.
Correlation between cognate bias and molecular activity
The specific activity of an enzyme is determined by the product of its molecular activity and the number of enzyme molecules. For a given specific activity, those enzymes with the lowest molecular activity require the largest number of molecules and their synthesis consumes the largest amount of the cognate amino acid. During the critical phase of derepression, the most rate-determining enzymes in amino acid biosynthetic pathways will be under strong selection to minimize the content of their cognate amino acid. Hence, we expect the cognate bias of these enzymes to be directly correlated with their molecular activity.
Estimates of the specific activity for most enzymes involved in amino acid biosynthetic pathways can be found either in the primary literature or in the BRENDA database. Specific activity is determined by the amount of reaction catalysed during each time unit by a fixed weight of enzyme (usually having units of mM min -1 mg -1
). We estimate the molecular weight of the enzymes by adding the weight of their amino acid residues and subtracting the weight of one water molecule per peptide bond. Using this information, together with the specific activity, we can calculate a molecular activity for each of the enzymes. However, one needs to keep in mind that the purification methods and conditions under which the specific activities have been determined for the different enzymes are not the same. Thus, it is likely that some errors are introduced in the calculations. The numbers for both the measured specific activity and the calculated molecular activity of the enzymes graphically represented in Fig. 3 are shown in Table 2 .
As indicated above, we expect the most rate-determining enzymes in the amino acid biosynthetic pathways to have a cognate bias, given by a P-value, that is positively correlated with molecular activity. That is, the lower the molecular activity, the lower the cognate bias (P-value). The data in Table 3 show a statistically significant positive correlation between cognate bias and molecular activity for the amino acid biosynthetic enzymes from each of the three organisms. This supports the cognate bias hypothesis and suggests that fast recovery of amino acid pools is a significant pressure in determining the cognate amino acid composition of biosynthetic enzymes. The strength and significance of this pressure is greater for the enteric bacteria than for B. subtilis.
As controls, we have determined correlations between cognate amino acid bias and three other factors that might influence amino acid composition of amino acid biosynthetic enzymes. As shown in Table 3 , these correlations are much less significant. We also have determined the correlation between bias of each amino acid (non-cognate as well as cognate) and molecular activity for each of the proteins involved in amino acid biosynthesis (Table 4 ). The correlations are in general low and non-significant, which shows that the significant correlations are specific for the cognate amino acid.
Methionine provides a notable exception to this pattern by exhibiting a statistically significant positive correlation between amino acid bias and molecular activity for all the amino acid biosynthetic enzymes. As the first amino acid of a protein is always Met, if enzymes contain fewer internal Met residues, then the additional free Met residues can be used to synthesize additional peptide chains and thus boost the velocity of the process in which the enzymes are involved. The selection for this effect should be stronger when the molecular activity of an enzyme is lower and the required rate of enzyme synthesis is correspondingly higher. This correlation should extend to all cellular enzymes, not just amino acid biosynthetic enzymes. However, testing this hypothesis is currently not feasible because there is not enough information regard- For each amino acid, italicized type indicates the gene for the enzyme in its classical biosynthetic pathway. Bold italicized type indicates an auxiliary enzyme that has been observed to replace an enzyme in the classical pathway, at least in vitro, but that is not usually considered part of the biosynthetic pathway. We were unable to find appropriate estimates for the activity of enzyme 2.3. correlation between cognate bias and number of peptide chains that make up the pathway complement. This correlation indeed exists, as shown in Table 5 . As a control we have also examined the correlation between the minimum non-cognate bias and the number of protein chains of the pathway. Table 5 shows that the correlation between minimum non-cognate bias and pathway length is negative, but that it is significantly weaker and less significant than in the case of the cognate bias.
ing the specific activity for all the enzymes in a given organism.
Correlation between cognate bias and pathway length
The longer an amino acid biosynthetic pathway (larger number of protein chains), the stronger the selection for a low cognate bias because a larger number of proteins needs to be synthesized to obtain one full pathway set. According to this expectation, there should be an inverse Fig. 3 . Schematic representation of amino acid biosynthetic pathways. Names for each enzyme, represented here by their EC number, and the corresponding gene are given in Table 2 . Table 3 . Spearman rank correlation coefficient (r) between cognate amino acid bias of the amino acid biosynthetic enzymes and their molecular activity. b. Calculated by adding the costs for synthesizing each of the amino acid residues that constitute the enzymes of a given amino acid biosynthetic pathway. c. Calculated for the genes that encode the enzymes of a given amino acid biosynthetic pathway. d. n represents the number of enzyme activities used to calculate the correlations. It can be determined from Table 2 . e. P represents the probability that the correlation is non-significant (see Experimental procedures). Also shown for comparison are correlations between cognate amino acid bias of the amino acid biosynthetic enzymes and three other factors that could potentially influence the amino acid composition of the same biosynthetic enzymes. These three factors have been previously identified as influencing amino acid composition of the total proteome. Figure 4B shows the profile of cognate bias for the group of E. coli proteins involved in the synthesis of a given amino acid. With the exception of Glu, Gly and Tyr, the group of biosynthetic proteins responsible for the synthesis of a given amino acid has a cognate bias that is below the 50th percentile of the control group. As expected both from the earlier analysis and from the high degree of homology between many of the E. coli and S. typhimurium proteins, the profile of cognate bias for S. typhimurium is similar (Fig. 4A) . However, in S. typhimurium the cognate bias of the Asp, Asn and Val biosynthetic pathways is also above the 50th percentile. Of the biosynthetic pathways that have a cognate bias below the 50th percentile, the average bias is somewhat smaller for S. typhimurium than for E. coli, again as one would have predicted from the fact that there is a stronger correlation between cognate bias and molecular activity for the enzymes of S. typhimurium (Table 3) .
Profiles of cognate bias in amino acid biosynthetic pathways
Although the general conclusions are similar, the detailed profile of cognate bias for B. subtilis differs considerably from that of the two enteric bacteria. More than half of the amino acid biosynthetic pathways have a cognate bias above the 50th percentile (Fig. 4C) . These include the pathways for Ala, His, Phe, Ser and Thr, which are in addition to the pathways with cognate bias above the 50th percentile in E. coli and S. typhimurium. a. Values in bold are those that are significant to a level higher than 99% and r > 0.20. b. n represents the number of enzyme activities used to calculate the correlations. It can be determined from Table 2 . c. P represents the probability that the correlation is non-significant (see Experimental procedures). d. CB indicates cognate amino acid bias. Table 5 . Correlation between number of proteins that make up the enzymes of each amino acid biosynthetic pathway and their minimum amino acid bias.
Minimum bias Cognate -0.49 (P < 0.003) -0.72 (P < 0.004) -0.23 (P < 0.21) Non-cognate -0.12 (P < 0.18) -0.22 (P < 0.14) -0.06 (P < 0.39) Overall -0.13 (P < 0.16) -0.22 (P < 0.14) -0.04 (P < 0.44) a. n represents the number of enzyme activities used to calculate the correlations. It can be determined from Table 2 . b. P represents the probability that the correlation is non-significant (see Experimental procedures).
Profiles of cognate bias in individual amino acid biosynthetic enzymes
Although the cognate bias of individual biosynthetic pathways is above the 50th percentile for some of the amino acids, this does not necessarily mean that selection for a low bias is too weak to be observed for these amino acids. It may be an indication that a subset of the enzymes in the pathway has a dominant effect on the rate of synthesis for the cognate amino acid and is critical for recovery of amino acid levels during derepression. Only this subset of enzymes would then be sufficiently sensitive to selection for a low cognate bias to be observed. To further analyse this implication of the cognate bias hypothesis, we examine the cognate bias of individual biosynthetic enzymes within each pathway for each of the three organisms. Figure 5 shows the cognate bias for the individual enzyme that has the lowest value within each amino acid biosynthetic pathway. One sees immediately for each of the organisms that approximately 75% of the amino acids pathways exhibit at least one enzyme that has a low cognate bias. Of the 75%, the enzyme with the lowest cognate bias has either the lowest or the second lowest molecular activity in the pathway. Whenever genetic and biochemical data are available, one finds this enzyme to be regulated both by end-product inhibition at the level of enzyme activity and by repression at the level of gene expression (shown in Table 6 for the E. coli pathways). This type of regulation is an additional indication that the enzyme has a dominant influence over the flux through the pathway, particularly during the critical early phase of recovery.
This more detailed analysis further supports the notion that selection for low cognate bias in enzymes within a given amino acid biosynthesis pathway is strong enough 5 . Enzyme with the lowest value for cognate bias in the biosynthetic pathway of each amino acid. The order of the pathways is the same as that in Fig. 4 . The x-axis shows the name of the gene coding for the enzyme. The numbers indicate the probability that this lowest bias occurs in a set of proteins, containing the same number of proteins as the pathway, and drawn randomly from the proteome of each organism. 
Asp biosynthesis
In E. coli, AspC is the homodimeric protein that is traditionally thought to catalyse Asp biosynthesis from Glu and oxoglutarate, while AspA is the homotetrameric enzyme thought by many to produce fumarate and NH 3 from the catabolism of Asp. However, genetic and biochemical evidence suggests that AspA is likely to catalyse the reverse reaction (i.e. Fumarate + NH 3 AE Asp) under normal conditions in vivo. In industrial processes, purified AspA, or E. coli cells overexpressing the enzyme, are used to produce Asp (for a discussion, see Herrmann and Somerville, 1983; Neidhardt, 1999 and references therein). The cognate bias of both enzymes is higher than the 10th percentile.
The protein AspC has a cognate bias that is around the 50th percentile. The analysis of the dimeric structure of AspC shows that three Asp residues are involved in the interface contact surface of the monomers. These three residues are also conserved (data not shown) in all AspC bacterial homologues from the SWISSPROT database (Boeckmann et al., 2003) , suggesting an important functional role. If these three residues are discounted, the cognate bias of Asp drops to the 27th percentile. This is still above the 0.1 significance level, but is nevertheless a lower cognate bias.
1 Surprisingly, the protein AspA has a lower cognate bias (approximately 12th percentile) than AspC, although it is still above the 10-percentile threshold. This protein is active as a tetramer in which several of the Asp residues are involved in forming potential salt bridges between the monomers (Fig. S1 ). If one discounts these residues, which are selected for functional reasons, then the cognate bias of the enzyme is well below the first percentile. Thus, in this case it appears that functional considerations are responsible for masking the selection for low cognate bias.
Phe and Tyr biosynthesis
Although there is some variation regarding the lowest cognate bias in the Tyr and Phe biosynthetic pathways of 1 The cognate bias of a protein after removing a given residue needs to be recalculated. Using AspC as an example, the recalculation is performed the following way. (i) Calculate the number of Asp residues in an average protein with the same length as AspC. (ii) Discount the number of residues with established functional roles (three residues in this case) from both AspC and the average proteins and recalculate the average frequency of the different amino acids. (iii) Use these new probabilities to recalculate the cognate bias of the protein. In other words, we remove the same number of Asp residues from the control proteins and recalculate the probabilities. Herrmann and Somerville (1983) , Neidhardt (1999) , (Khodursky et al., 2000) and references therein. E. coli and S. typhimurium, they have in common two qualitative features of interest. First, it is the initial enzyme in each pathway that has the lowest cognate bias. These enzymes are repressed at the level of gene expression and end-product inhibited at the level of enzyme activity (Neidhardt, 1999) . As noted above, this is an indication that they catalyse a rate-determining step in the corresponding biosynthetic pathway. The correlation between the properties of the regulatory enzyme in the relevant pathway and its low cognate bias suggests that selection for low cognate bias might still be present but masked for functional reasons. The second feature shared by both pathways is that a single gene, tyrB, encodes both the second and last enzymes in each pathway. Although the relevance of this second feature for our argument is less obvious, as shown below there is reason to believe that selection for low cognate bias is operating on these enzymes. Table 1 shows that Phe and Tyr are among the least abundant amino acids in proteins, at approximately 4% and 3% respectively. However, their particular chemical properties, due to their side-chain aromatic ring, make them especially important in active centres and in substrate interaction sites (Pedersen and Finazzi-Agro, 1993; Frey, 2001; Rogers and Dooley, 2003) . The number of residues that comprise an active centre is usually small compared with the total number of residues in the protein.
A conservative estimate would suggest that less than 10 residues would account for most active sites. As the smaller active enzymes have between 100 and 150 residues, this would predict that approximately 10% of the residues in a protein are involved in the formation of an active centre. If proteins include a low percentage of Phe or Tyr residues, and if Phe or Tyr residues are necessary in the active centre, then these features will provide a strong selection for a high compositional bias for these amino acids in any protein.
A more detailed analysis of the enzymes in the Phe and Tyr biosynthetic pathways indicates selection for low cognate bias when the functional role of the amino acid in active centres is factored out. The gene that encodes the enzyme catalysing the second step in each pathway is tyrB. The protein product has 397 amino acids, of which 17 are Phe residues (4.3%) and 15 are Tyr residues (3.8%). A crystal structure for this protein has been deposited by Ko et al. in the protein databank (PDB code 3TAT), although a paper analysing the structure has not been published yet. This protein is a dimer and our own analysis shows that at least five Phe residues and six Tyr residues are involved in the active centre and in the interaction between monomers respectively (Fig. S1) . Furthermore, these residues are conserved in homologous proteins from other organisms (data not shown). If we discount these residues, then the cognate bias of tyrB is below the 10th percentile for both the Phe pathway and the Tyr pathway.
2
The functional analysis of the first enzyme in each pathway cannot be accomplished as easily. PheA, the first enzyme in the Phe biosynthetic pathway, is a 386-aminoacid-residue, bifunctional protein. Eleven of the 386 residues are Phe (2.9%). This is below the average cognate bias, but nevertheless above our 10-percentile threshold. The Protein Databank entry for this protein, file 1ECM, shows that there are no Phe residues involved in the active centre of the chorismate mutase activity of PheA. This is unlike the case of other chorismate mutases, such as that of B. subtilis. Bacterial homologues of PheA from the SWISSPROT database (Boeckmann et al., 2003) show perfect conservation for two of the 11 Phe residues (Fig. S2) . This suggests an important functional role for these residues. If these residues are discounted, then the cognate amino acid bias falls bellow the sixth percentile. Furthermore, three of the other Phe residues are perfectly conserved in all but two of the proteins. This may be taken as an indication that these residues are important for the function or structure of the protein. Again, we find that the higher-than-expected cognate bias may result from the functional requirements of the protein for this specific type of amino acid residue.
We now consider the TyrA protein. This protein is composed of 373 amino acid residues, 10 of which are Tyr residues (2.7%). There is no known structure for this enzyme or for any of its homologues. Bacterial homologues of TyrA from the SWISSPROT database (Boeckmann et al., 2003) show perfect conservation for five out of the 10 Tyr residues. An additional Tyr residue is conserved in all but one of the homologues, where it is replaced by a Phe residue (Fig. S2 ). If these residues are discounted, the cognate amino acid bias of TyrA drops well below the 6th percentile. Furthermore, two of the additional Tyr residues are conserved in all but one of the homologous proteins.
As a control for these cases in which cognate amino acid residues are discounted, one can discount other conserved (non-cognate amino acid) residues and recalculate the compositional bias. When this is done, the compositional bias with respect to these amino acids does not drop as low as that for the cognate amino acid (data not shown).
For B. subtilis there are four amino acid biosynthetic pathways (Ala, Ser, Thr and Val) in which selection for low 2 A procedure similar to that described in the previous footnote for Asp is used to recalculate the bias of proteins containing Tyr and Phe residues that are functionally important. In the case of these two amino acids, the functional residues are, in many cases, involved in catalysis. Therefore, one could also discount all conserved Tyr or Phe residues from the active centre of enzymes to recalculate the probabilities of amino acid occurrence. However, the structure for most enzymes is still unknown and so is the actual composition of their active centres which precludes such an approximation at this time.
cognate bias appears either to be weaker or to be masked by other requirements.
Ala and Val biosynthesis
Of the 20 amino acids, the biosynthesis of Ala is probably the least well studied. It is likely that more enzymes yet to be identified could contribute to the synthesis of this amino acid. There are no available data that hint at possible explanations for the high cognate bias of Ala biosynthesis in B. subtilis. Regarding the biosynthesis of Val, although the cognate bias is not low, one finds that, for B. subtilis, the enzyme with the lowest cognate bias catalyses the first step committed to Val biosynthesis. Additionally, the second enzyme with the lowest bias is the one that catalyses the first step in the pathway common to the biosynthesis of Leu and Val. This suggests that other factors may be masking the selection for low cognate bias in these biosynthetic pathways.
Ser and Thr biosynthesis
In B. subtilis, the enzyme of the Ser biosynthetic pathway with the lowest cognate bias is encoded by the gene serA, and it is the first enzyme in the pathway. After careful comparative sequence and structure analysis with the homologue from E. coli, we could find no functional justification for the excess of Ser residues in the B. subtilis enzyme. Additional comparative sequence analysis with homologues from other Gram-positive bacteria shows that only two Ser residues are perfectly conserved. If we discount these residues and recalculate the cognate bias, this bias is still around the 40th percentile.
The enzyme of the Thr biosynthetic pathway with the lowest cognate bias is also the first enzyme in the pathway. A sequence alignment of the relevant Thr enzymes from different Gram-positive bacteria shows that there are four fully conserved Thr residues (data not shown), which implies an important functional role for these residues. When they are discounted, the cognate bias for Thr falls below the fifth percentile.
Finally, for all three organisms there are two biosynthetic pathways in which selection for low cognate bias appears to be completely overridden by some unknown mechanism that actually yields a higher-than-average cognate bias.
Gly and Glu biosynthesis
The pathways for Gly and Glu biosynthesis each involve a small number of enzymes (as low as one per pathway, depending on the organism). In the E. coli case, a careful analysis of the three-dimensional crystal structure and of the fully conserved residues between homologous proteins involved in Gly or Glu biosynthesis does not reveal any special function for the relevant amino acid. Therefore, other reasons must account for the higher cognate bias of Gly and Glu biosynthetic pathways. The biosynthetic pathways for these amino acids, which are composed of only one enzyme each, fall into the category of short pathways for which there is less intense selection for low cognate bias. However, this factor alone would not account for their higher-than-average cognate bias.
Correlation between bias in biosynthetic enzymes and environmental abundance of the cognate amino acid
Selection for low cognate bias is expected to be more intense for those amino acid biosynthetic pathways that must undergo the greatest range and frequency of derepression. This is likely to be associated with low and infrequent abundance of the cognate amino acid in the organism's environment. Although the environments of E. coli, S. typhimurium and B. subtilis are complex, heterogeneous and difficult to characterize, there are data ( Table 1 ) that suggest at least a relative ranking for the abundance of the amino acids in the human colon (a principal habitat of E. coli and S. typhimurium) and in soil (a principal habitat of B. subtilis). In attempting to compare the abundance of a given amino acid in these two environments, it is problematic if its relative abundance is the same in the two environments, either high or low, because these qualitative assessments do not deal with the absolute concentrations. Either environment could have an abundance that is either higher or lower than the other. This is less of a problem if qualitative comparisons are made in cases where the abundance is qualitatively different between environments, for example, high in one environment and low in the other. The qualitative result of such a comparison is likely to be valid, even if there is uncertainty in the absolute concentrations.
To perform such a qualitative comparison of environmental abundance with cognate bias, we apply a qualitative rank correlation test. The amino acids are given a score of one if the abundance is low, two if the abundance is intermediate and three if the abundance is high. Then, for each of the 10 amino acids that have a qualitatively different abundance in the two environments, and for each organism, we identify the enzyme in their biosynthetic pathway that has the lowest cognate bias. For each amino acid we ranked the cognate bias in the three organisms in the following way: when comparing the cognate bias of B. subtilis and E. coli, the lowest ranked organism was given the number 1, the other the number 2. A similar comparison was made between B. subtilis and S. typhimurium (Table 7) . We then built a table of pairs of values, where the first element of the pair is the rank of the amino acid in the environment for the relevant organism(s) and the second element is the rank of the cognate bias. Calculating the Spearman rank correlation between the two sets of values for B. subtilis and E. coli suggests a positive correlation between high cognate bias and the amount of amino acid in the environment (r = 0.61, P < 0.004). The rank correlation calculated for B. subtilis and S. typhimurium is even stronger (r = 0.83, P < 0.00025). Table 7 shows that four of the amino acids with cognate bias that is higher in E. coli than in B. subtilis also have a relative abundance that is higher in the colon than in soil. Similarly, three of the amino acids with cognate bias that is higher in B. subtilis than in E. coli also have a relative abundance that is higher in soil than in the colon. Asp is a clear outlier; its cognate bias is higher in E. coli but its relative abundance is higher in soil. The two remaining cases, Gly and Trp, have essentially the same cognate bias in E. coli and B. subtilis, even though the relative abundance of Trp is greater in the colon and that of Gly is greater in soil.
Discussion
Prototrophic microorganisms like E. coli, S. typhimurium and B. subtilis are capable of synthesizing all of the amino acids. A considerable fraction of the bacterial genome is devoted to the encoding of enzymes involved in the biosynthesis of the amino acids (Neidhardt, 1999) . However, these organisms exist in changing environments and when they encounter an exogenous source of a particular amino acid they typically repress the enzymes for its endogenous biosynthesis. This creates a particular dilemma when attempting to derepress a pathway for which the cognate amino acid has been depleted.
Cells have evolved various strategies for dealing with a sudden amino acid depletion. Proteases are able to reconfigure the complement of proteins (Reeve et al., 1984; Matin, 1991; Weichart et al., 2003; Nystrom, 2004) and liberate a supply of the limiting amino acid. The stringent response (Foster and Spector, 1995; Magnusson et al., 2003) , by shutting down the synthesis of other proteins, and stimulating the synthesis of amino acid biosynthetic enzymes, can contribute to the replenishment of the limiting amino acid. These are likely to be rather general solutions to the problem of protein synthesis and not specific to a particular subset of amino acid biosynthetic enzymes.
Another strategy that addresses the problem of specificity is the following. With lowered amino acid concentrations, there is a shift in charging from isoacceptor tRNAs with lower affinity for the amino acid to ones with higher affinity, thereby allowing those proteins whose mRNA is enriched for the high-affinity isoaccepting species to be synthesized at a faster rate than would be possible without the enrichment. At least 10 of the amino acid biosynthetic pathways in E. coli show this enrichment specifically for the cognate amino acid (Elf et al., 2003) . Although differences in the charging of isoacceptor tRNAs can account for the relative usage of the different synonymous codons, these differences cannot fully account for the total relative amount of a given amino acid in the proteins that synthesize that amino acid. Recovery from the repressed state when the exogenous supply of a given amino acid is no Table 7 . Correlation between high bias of the cognate amino acid in the biosynthetic enzymes and high relative concentration of the cognate amino acid in the environment.
longer available would be difficult if the enzymes of the biosynthetic pathway had a composition that was high in the cognate amino acid, independently of the relative codon usage for that amino acid.
In addressing this issue we have hypothesized that the enzymes of specific amino acid biosynthetic pathways, or at least those with the greatest influence on the rate of the pathway, should be biased towards low values of the cognate amino acid when compared with the entire proteome of the organism. In this article, we have presented several lines of evidence that support this cognate bias hypothesis.
First, a computer model of the tryptophan biosynthetic pathway in E. coli showed that derepression of the tryptophan biosynthetic enzymes would be more compromised if Trp residues were more abundant in these enzymes. The results of this simulation (Fig. 2) suggest that the extent and rapidity of response may well be selective pressures responsible for low cognate bias.
Second, the prediction of a direct correlation between molecular activity of amino acid biosynthetic enzymes and their cognate bias was tested by direct calculation using information from databases for enzyme activities and genome sequences. A statistically significant direct correlation between molecular activity and bias is found for cognate (Table 3) but not for non-cognate amino acids (Table 4) .
Third, the prediction of an inverse correlation between number of enzymes in the amino acid biosynthetic pathways and their cognate bias was tested by direct calculation using information from databases for metabolic pathways and genome sequences. As expected, there was a statistically significant inverse correlation between pathway length and bias for cognate but not for noncognate amino acids (Table 5) .
Fourth, a more detailed enzyme-by-enzyme, pathwayby-pathway and organism-by-organism analysis found strong evidence for low cognate bias in approximately 75% of the amino acid biosynthetic pathways (Fig. 5) . For four of the remaining pathways the selection for low bias appears to be masked by other factors, and become evident when the influence of these factors is removed. For example, certain biosynthetic enzymes have their cognate amino acid located at highly conserved positions that are key in determining protein structure and function. When these residues are discounted in the calculation of the cognate bias, the residual composition of the enzyme is distinctly biased towards low values of the cognate amino acid. This is the case for Asp, Phe and Tyr biosynthetic enzymes in E. coli (Fig. S2) and for the first enzyme of the Thr biosynthetic pathway in B. subtilis.
For three cases in B. subtilis the evidence for cognate bias is less clear. As expected, the first enzyme has the lowest cognate bias in the biosynthetic pathway for Ser, Thr and Val. However, only in the case of Thr are there highly conserved cognate residues, which when discounted result in a significantly low cognate bias for the enzyme. In the case of Ala, the enzymes are still poorly characterized and there is no evidence for low cognate bias. In two pathways, Glu and Gly, additional factors appear to completely override the selection for low cognate bias and yield higher-than-average cognate bias.
Clearly, this type of bias is a general principle that applies with varying degrees to any system that exhibits this form of positive feedback. For example, an earlier study has shown that the atomic composition of some biosynthetic enzymes is biased against atoms that are fixed in metabolism by those enzymes (Baudouin-Cornu et al., 2001) . Also, preliminary results from the analysis of the E. coli and S. cerevisiae proteomes (R. Alves and A. Salvador, preliminary unpublished results) suggest that proteins involved in detoxification of reactive oxygen species are biased towards low relative content of highly oxydizable amino acid residues, thus allowing these proteins to remain active for longer periods in an oxidizing environment. The same preliminary results clearly indicate that the relative amount of highly oxidyzable amino acid residues in proteins expressed under anaerobic conditions is significantly greater than that in proteins expressed exclusively under aerobic conditions. Finally, in comparisons of E. coli with S. typhimurium, another closely related enteric Gram-negative organism, and B. subtilis, a more distantly related Gram-positive organism, we have observed differences in the detailed profile of cognate bias (Fig. 5 ) that might reflect differences in the intensity of selection for low cognate bias. We have argued that selection for low cognate bias is expected to be more intense for those amino acid biosynthetic pathways that must undergo the greatest range and frequency of derepression. This is likely to be associated with low and infrequent abundance of the cognate amino acid in the organism's environment.
Although there is great heterogeneity in the amino acid measurements, the profile of their relative abundance in the colon appears to exhibit a number of differences from that in soil (Table 1) . If one accepts the 10 cases in which there appear to be a qualitative difference, and the argument that a higher relative concentration implies weaker selection for low cognate bias, then one can examine whether these data are consistent with those for cognate bias in Fig. 5 . The results of our comparisons show a positive qualitative correlation ( Table 7) that further supports the selectionist explanation for low cognate amino acid bias in amino acid biosynthetic enzymes.
In summary, we have presented several lines of evidence showing that cognate bias plays a highly significant role in shaping the amino acid composition for a large class of cellular proteins. The profiles of cognate amino acid bias are similar for two closely related organisms, E. coli and S. typhimurium; they differ for two more distantly related organisms E. coli or S. typhimurium and B. subtilis in ways that show a qualitative relationship to the environments of these organisms. Such differences, if substantiated with a broader group of organisms, may serve as a 'finger print' that reflects their different evolutionary history and ecological niche.
Experimental procedures
Model organisms
We use E. coli K12, S. typhimurium and B. subtilis as our model organisms. The proteome and genome information for these organisms was downloaded from the KEGG database release 28.0 (Kanehisa et al., 2002) .
Proteins involved in amino acid biosynthesis
We use pathway information available on Ecocyc (Karp et al., 2002) , KEGG (Kanehisa et al., 2002) , WIT (Overbeek et al., 2000) , Herrmann and Somerville (1983) and Neidhardt (1999) , and cross-correlate this information to determine the biosynthetic pathway for each amino acid in each of the organisms. Table 2 summarizes this information in terms of gene name, enzyme activity and EC number. Figure 3 shows how the network of amino acid biosynthetic reactions is connected.
Calculation of molecular activity
We have used the database BRENDA and the references therein to obtain estimates for the specific activity of the enzymes involved in amino acid biosynthesis. If this activity was not available for the specific organism of interest, we used the available value for the organism whose protein had the strongest homology to the target enzyme. Molar weight of the enzymes has been estimated by adding the individual weight of all residues of a protein and subtracting the weight of a water mol per peptide bond in the protein. Using this molar weight we converted specific activity into molecular activity (Table 2) . Whenever an enzyme is known to be formed by multiple subunits, the molecular weight of the enzyme was calculated by adding the weight of each constituent subunit together.
Analysis of proteome and genome data
The analysis of relative amino acid composition is performed from cDNAs and peptide strings using locally developed PERL scripts.
Statistical analysis of the data
Monte Carlo simulations and statistical analysis of the data are performed using locally developed PERL scripts and Mathematica (Wolfram, 1999) notebooks.
The Spearman rank correlation coefficient determines the existence of non-linear correlations between sets of data (Cohen and Holliday, 1998) . This correlation coefficient is given by (5) where R(x i ) and R(y i ) represent the rank of x i and y i in the sample, respectively, and n is the number of pairs in the sample.
To test the significance of r we use the Fisher z-statistic with the null hypothesis that the correlation coefficient is zero (and thus that there is no correlation in the population for the tested variables). The z-test makes no assumptions about the specific distribution of the data being analysed. It is well known that the variable z, defined as (6) has a normal distribution with mean 0 and standard deviation 1. The P-value is calculated by determining the quantile for the absolute value of z in the normal distribution. If P < a (0 < a < 1) there is a likelihood a that the correlation coefficient is in fact 0, i.e. that there is no correlation between the y-values and the x-values in the sample. We have also calculated the t-statistics for the different coefficients. However, here we present only P-values as determined from the z-statistics, because the significance is lower for our samples, thus providing a more conservative estimate of significance.
Kinetic modelling
The kinetic modelling is performed using the program PLAS (Voit and Ferreira, 2000) .
Calculating statistical significance of amino acid bias
Determining whether a protein is significantly biased towards low relative composition for any given amino acid is a twostep process. First, we compare the composition of the protein with that of a reference group. Second, we calculate the significance of the difference between the protein and the reference group. We use three different approaches to calculate this significance. Two involve MC simulations to determine the significance of the bias in the relative composition of a protein with respect to a given amino acid in the context of the E. coli proteome, and the third involves an analytical calculation.
In the first MC approach, we randomly generate 1000 protein sequences having the same length as our protein of interest, assuming a relative amino acid composition that is, on average, the same as that of the reference group. The relative composition of the individual protein sequences in this set of 1000 random sequences is then ordered with respect to the amino acid of interest. Finally, our protein is considered to be significantly biased towards low levels of a given amino acid if its composition with respect to that amino acid is lower than that of 90% of the random protein sequences in our set, i.e. if it is below the 10th percentile of bias.
In the second MC approach, we draw from the reference group of proteins, randomly, a set of 1000 proteins, allowing for repetition. We then order the relative composition of this set of random proteins with respect to the amino acid of interest. Our protein is considered to be significantly biased towards low levels of a given amino acid if its composition with respect to that amino acid is lower than that of 90% of the random proteins in our set, i.e. if it is below the 10th percentile of bias.
The third approach to estimating significance involves an analytical calculation. Consider a protein P of length L with a relative composition of c 1 , . . . , c 20 for each of the 20 amino acid types. The average composition for the set of the control proteins is given by p 1 , . . . , p 20 , with
. If the relative composition of a protein with respect to a given amino acid is independent of all other amino acids (which must be verified), then the probability that a protein of length L (belonging to a set of proteins that, on average, has a relative amount p i of amino acid i) has N residues of amino acid i is given by (7) The cumulative probability that a protein of L residues has no more than N residues of amino acid i is then given by (8) Thus if P i (N) < 0.1 for our protein of interest, there is a 90% chance that the protein is significantly biased towards low values of amino acid i with respect to the control group of proteins.
Homology comparisons of bacterial enzymes
When structural information was unavailable, we have performed sequence homology studies to investigate the possibility that a sufficient number of cognate residues might be involved in important functional roles. To evaluate this possibility, we used PSI-BLAST (Altschul et al., 1997) to search for all the bacterial homologues of the relevant protein in the SWISSPROT database (Boeckmann et al., 2003) that are both classified as having the same function and have an Evalue smaller than 10 -4 . These sequences were then aligned using CLUSTALW (Chenna et al., 2003) and conservation of cognate residues was studied. 
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